Loss of the NF1 tumor suppressor gene causes the autosomal dominant condition, neurofibromatosis type 1 (NF1). Children and adults with NF1 suffer from pathologies including benign and malignant tumors to cognitive deficits, seizures, growth abnormalities, and peripheral neuropathies. NF1 encodes neurofibromin, a Ras-GTPase activating protein, and NF1 mutations result in hyperactivated Ras signaling in patients. Existing NF1 mutant mice mimic individual aspects of NF1, but none comprehensively models the disease. We describe a potentially novel Yucatan miniswine model bearing a heterozygotic mutation in NF1 (exon 42 deletion) orthologous to a mutation found in NF1 patients. NF1 +/ex42del miniswine phenocopy the wide range of manifestations seen in NF1 patients, including café au lait spots, neurofibromas, axillary freckling, and neurological defects in learning and memory. Molecular analyses verified reduced neurofibromin expression in swine NF1 +/ex42del fibroblasts, as well as hyperactivation of Ras, as measured by increased expression of its downstream effectors, phosphorylated ERK1/2, SIAH, and the checkpoint regulators p53 and p21. Consistent with altered pain signaling in NF1, dysregulation of calcium and sodium channels was observed in dorsal root ganglia expressing mutant NF1.
Introduction
Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder caused by mutations in the neurofibromin 1 (NF1) gene that affect approximately 1 in 3,500 individuals worldwide. NF1 belongs to the RASopathy group of genetic syndromes caused by germline mutations in genes that regulate the Ras/ MAPK pathway. Neurofibromin, the protein product of the NF1 gene, is a tumor suppressor that inhibits Ras signaling through its Ras-GTPase activating protein (Ras-GAP) activity (1) (2) (3) (4) (5) (6) . NF1 has more than 1,000 disease-associated mutations identified in patients. As such, the disease is quite heterogeneous in presentation, manifesting a variety of symptoms including abnormal pigmentation in the form of café au lait spots and auxiliary freckling; growth deformities and chronic idiopathic pain; neurological complications such as cognitive impairment, seizures, and uncontrolled migraines; tumor growth; and predisposition to cancer (7) (8) (9) (10) (11) . NF1 tumors are primarily benign and present as small, cutaneous neurofibromas Loss of the NF1 tumor suppressor gene causes the autosomal dominant condition, neurofibromatosis type 1 (NF1). Children and adults with NF1 suffer from pathologies including benign and malignant tumors to cognitive deficits, seizures, growth abnormalities, and peripheral neuropathies. NF1 encodes neurofibromin, a Ras-GTPase activating protein, and NF1 mutations result in hyperactivated Ras signaling in patients. Existing NF1 mutant mice mimic individual aspects of NF1, but none comprehensively models the disease. We describe a potentially novel Yucatan miniswine model bearing a heterozygotic mutation in NF1 (exon 42 deletion) orthologous to a mutation found in NF1 patients. NF1 +/ex42del miniswine phenocopy the wide range of manifestations seen in NF1 patients, including café au lait spots, neurofibromas, axillary freckling, and neurological defects in learning and memory. Molecular analyses verified reduced neurofibromin expression in swine NF1 +/ex42del fibroblasts, as well as hyperactivation of Ras, as measured by increased expression of its downstream effectors, phosphorylated ERK1/2, SIAH, and the checkpoint regulators p53 and p21. Consistent with altered pain signaling in NF1, dysregulation of calcium and sodium channels was observed in dorsal root ganglia expressing mutant NF1. Thus, these NF1 +/ex42del miniswine recapitulate the disease and provide a unique, much-needed tool to advance the study and treatment of NF1.
or large, plexiform neurofibromas that can span over entire body segments, causing significant morbidity due to their size and/or location. However, 10%-15% of NF1 patients develop malignancies including gliomas, leukemia, and malignant peripheral nerve sheath tumors (MPNSTs) that arise via transformation of precursor plexiform neurofibromas (12, 13) .
In recent years, there has been a call from the NF1 research community for improved models of the disease to better understand the essential molecular mechanisms underlying the pathogenesis of NF1. In the early 1990s, 2 groups developed mice with a null mutation in Nf1 exon 40 (which, at the time, was annotated as exon 31), a mutational hotspot in patients (14, 15) (reviewed in ref. 16 ). Homozygous inactivation of Nf1 caused embryonic lethality while Nf1 heterozygous mice were viable and tumor prone but failed to develop many of the common disease features observed in human NF1. Specifically, Nf1 heterozygous mice developed pheochromocytoma and myeloid leukemia but lacked the classic NF1 tumors, skin pigmentation abnormalities, and Lisch nodules and enhanced pain perception (14, 15, 17, 18) (reviewed in ref. 19) . Since that time, additional compound-and tissue-specific mutant mice expressing various Nf1 mutations combined with other gene alterations have been developed (4, 20) . For instance, compound heterozygotic mice lacking Nf1 along with other tumor suppressor genes frequently mutated in NF1-associated tumors (such as p53 or INK4a/ARF) develop MPNSTs with high penetrance (21) (22) (23) (24) (25) , effectively establishing the importance of Nf1 in tumor suppression. Despite these important advances, the NF1 community has lacked an Nf1 heterozygote animal model that fully mimics the human disease without additional genetic mutations.
Here, we describe the generation of the first miniswine model of NF1 to our knowledge that has a deleted NF1 exon 42 on 1 allele (designated NF1 +/ex42del ). Swine have proven to be an excellent model organism due to their relatively fast maturation rate, large number of offspring per sow each year, and similarities with human anatomy, biochemistry, physiology, size (particularly miniature swine breeds), lifespan, and genetics (reviewed in ref. 26) . Indeed, previous studies from our group and others have demonstrated the utility of swine as a powerful and accurate model for obesity, diabetes, alcoholism, hypertension, skin physiology, intestinal function, nutrition, and injury (reviewed in refs. 27, 28) . For example, cystic fibrosis swine models were successful in demonstrating the range of clinical manifestations of the human disease, including meconium ileus, pancreatic insufficiency, and lung disease (29) (30) (31) (32) . Similar success has been obtained with our recent models of atherosclerosis, cancer, a common cardiac arrhythmia, and ataxia telangiectasia (33) (34) (35) (36) . In the context of NF1, a swine model provides the unique ability to monitor disease progression on human-grade imaging equipment, an important aspect of clinically managing tumor growth and treatment planning in NF1 patients.
At birth, these NF1 +/ex42del animals present with skin pigmentation changes characteristic of café au lait spots. At the cellular level, inactivation of swine neurofibromin recapitulates the defects in Ras signaling and ion channel regulation associated with the disease, and over a period of months, these animals develop additional classic indicators of NF1, namely neurofibromas and axillary/inguinal freckling. By 10 months of age, the NF1 +/ex42del miniswine display impaired learning and memory. This innovative model recapitulates the wide spectrum of the phenotypic and pathological changes associated with the human disease, providing an invaluable tool to accelerate NF1 research and therapies.
Results

NF1 mutant miniswine generation and café au lait macule characterization. NF1
+/ex42del Yucatan miniature swine (miniswine) were generated via recombinant adeno-associated virus-mediated (rAAV-mediated) gene targeting and somatic cell nuclear transfer (SCNT) using methods described previously (33) (34) (35) (36) (37) . Briefly, male Yucatan fetal fibroblasts were infected with rAAV carrying a targeting construct designed to replace the endogenous NF1 exon 42 with a blasticidin resistance cassette (Blast R ) ( Figure 1A) . In a subsequent step, the cassette was removed via Cre recombinase-mediated excision. The resulting NF1 +/ex42del fibroblasts were used as nuclear donors for SCNT. The genotype of each miniswine produced was confirmed by PCR and Southern blot ( Figure 1 , B and C, respectively), as well as by DNA sequencing (data not shown).
A common NF1 feature in humans is the presence of café au lait macules, axillary/inguinal freckling, and cutaneous tumors. In the NF1 +/ex42del miniswine, skin pigmentation changes indicative of these café au lait macules, inguinal freckling, and cutaneous tumors were present and were distinct from uncommon pigmentation in control animals ( Figure 1, D-H) . In fact, the café au lait macules were present at birth and were present in 100% of NF1 +/ex42del miniswine ( Table 1) . The cutaneous lesions were present in 44% of NF1 +/ex42del miniswine, appearing from 11-17 months of age ( Figure 2 and Table 1 ). These lesions were examined by histopathology and compared with adjacent unaffected skin. In NF1 +/ex42del skin biopsies, the macules showed increased pigmentation of the lower epidermis (e.g., basal layer; Figure 3 , A and B). Epidermis in humans and swine normally has scattered, solitary, dark-colored (i.e., pigmented) cells near the basement membrane that are consistent with melanocytes ( Figure 3B , red arrows). In NF1 mutant animals, the macules had increased incidence of heavily pigmented cells compared with adjacent normal skin ( Figure 3 , A-C). We also observed an increased density of the neurovascular networks (i.e., the channels of nerves and vessels that course through the dermal collagen; Figure 3 Figure 4D ). Another indicator of elevated Ras signaling is its induction of protective oncogene checkpoints via activation of the ARF-p53-p21 and p16INK4a-Rb tumor-suppressor pathways (38) (39) (40) . Over time, there is strong selective pressure to inactivate those pathways, facilitating the Ras-mediated transformation that is observed in malignant NF1 tumors, such as MPNSTs. We first examined p53 activation by assessing its levels and induction of its transcriptional target, p21, in the same serum-stimulated WT and NF1 +/ex42del cells using IHC ( Figure 4E ). Both p53 and p21 were significantly upregulated in NF1 +/ex42del cells, reflecting heightened Ras signaling associated with NF1 deficiency. Likewise, Western blot analysis of serially passaged porcine cells revealed premature upregulation of p16INK4a in NF1 +/ex42del cells, whereas WT cells displayed the typical pattern of p16INK4a induction with increasing passage ( Figure 4F ). Lastly, we examined expression of 7-in-absentia homologue (SIAH), an evolutionarily conserved E3 ubiquitin ligase whose expression is indicative of Ras pathway activation and is necessary for Ras-mediated cell transformation and tumorigenesis (41, 42) . SIAH expression, essentially absent in normal WT controls, was selectively upregulated in NF1 +/ex42del cells ( Figure 4E ). Together, these results provide important molecular validation (26) . A T-maze test, similar to those used in rodent learning and memory analyses, was employed to examine this aspect in male NF1 +/ex42del miniswine ( Figure 5A ). At 9-10 months of age, NF1 +/ex42del miniswine showed a significantly lower percentage of accuracy in choosing the correct reward arm on day 1 of acquisition ( Figure 5B ). About 43% of NF1 +/ex42del miniswine presented with a learning delay at this stage (Table 1) . This difference was resolved on day 2 of acquisition and was not present during the reversal phase ( Figure 5 , B and C). These results are consistent with an initial learning delay seen in NF1 +/-mice and patients, which can be resolved with additional training (43) . Over the course of these studies, swine were observed on a daily basis, and several NF1 +/ex42del animals appeared to have anxious, hyperactive tendencies when housed in their pens. Such behaviors are typical in patients with NF1 and certain mouse models of the disease (44, 45) . To quantify this behavior in the miniswine, an unfamiliar-object exploration task was performed over a 2-day period. On day 1, NF1
animals took significantly longer to initially touch the object in the pen, though they spent the same amount of time with the object as their control counterparts (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.120402DS1). This difference was resolved on day 2 and did not present itself with the second object placed in the pen (Supplemental Figure 1B) . Together, these initial learning and social delays indicate that our model recapitulates several key behavioral deficits of the disease previously seen in NF1 patients and mouse models.
MRI, histopathology, and gene analysis of NF1 +/ex42del lesions suggests similarity to NF1 patients. With age, multiple NF1 +/ex42del -but not WT miniswine -developed cutaneous tumors consistent with neurofibromas within the scope of NF1 tumors seen in humans. MRI was used to capture in vivo data for suspected tumors in 3 NF1 +/ex42del miniswine, between the ages of 11 and 17 months of age ( Figure 1H , Figure 6 , and Supplemental showed minimal contrast enhancement in the postcontrast spoiled 3-D gradient echo (LAVA) sequence.
Three NF1 +/ex42del miniswine were selected for brain imaging from the behavioral testing cohort; 1 with no learning deficit and 2 with the largest learning deficit. In the cerebellum of the animal with the largest behavioral deficit, a 17 × 6 mm region of hyperintensity was evident on the fluid attenuation inversion recovery (FLAIR) sequence and T2-weighted MRI data ( Figure 6 , E-L, yellow arrows). The lesion was not evident on T1-weighted MRI. This finding is in accordance with those of Piscitelli et al., who reported cerebellar T2 hyperintensities associated with lower intelligence quotient (IQ) than those without in human NF1 patients (46, 47) . Lesion abnormalities were not detected in the other 2 miniswine. Hyperintense regions seen on T2-weighted MRI brain scans in NF1 are reported to occur in 40%-70% of NF1 subjects; however, the histological basis for this finding remains unclear (48) (49) (50) . An NF1 animal model presenting with these "unidentified bright object" brain findings provide a unique opportunity for further investigation and understanding.
Imaging characteristics were similar to those reported for superficial plexiform neurofibromas in human NF1 patients (47) , although the size of the lesions in the miniswine were larger than human superficial neurofibromas. Histopathology of biopsied tumors from NF1 +/ex42del miniswine showed multiple, low cellularity, S100 + neurofibromas ( Figure 7 , A-E). We further assessed the neurofibromas from this NF1 +/ex42del miniswine and found vWF + staining of endothelial cells (Supplemental Figure 3 , A-C) and aggregates of eosinophils and mast cells within the neurofibroma tissues (Supplemental Figure 4 , A-D). Additionally, as somatic mutation of the remaining allele -such as loss of NF1 heterozygosity (LOH) -is thought to be an important +/ex42del cells versus WT cells. Blots were also probed for neurofibromin and vinculin (loading control) levels. Data are representative of n = 3 experiments using cells isolated from 3 WT and 3 NF1 +/ex42del miniswine.
step in neurofibroma development, we preliminariily explored whether cultured NF1 +/ex42del miniswine tumor cells support a second-hit hypothesis (51) . Of the 2 tumor samples from 2 animals analyzed by reverse transcription PCR (RT-PCR) spanning the region of the germline deletion, 1 sample had relatively less WT NF1 transcript at the germline level ( Figure 7F ). While this reduction in transcript may be caused by mutations other than LOH, these initial results support a second-hit hypothesis in NF1 +/ex42del miniswine tumor lesions. A more in-depth analysis of somatic mutations will be pursued in future studies.
Calcium and sodium channel dysregulation in NF1 mutant swine sensory neurons. We and others previously reported an increase in voltage-gated N-type Ca 2+ (CaV2.2) channel current densities in neurons from Nf1 +/-mice, placing CaV2.2 as the major contributor to whole cell Ca 2+ currents in NF1, with no significant differences in L-, P/Q-, T-, and R-type currents (52, 53) . Therefore, to demonstrate that similar calcium channel changes occurred in NF1 miniswine model, dorsal root ganglion (DRG) neurons isolated from WT and mutant NF1 +/ex42del were examined for their ability to flux calcium. Ca 2+ influx was evoked by a 15-second application of a 90-mM KCl solution, a concentration known to recruit mostly Cav2.2 channels. DRGs from mutant NF1 +/ex42del miniswine had significantly higher amounts of peak calcium in response to the depolarizing stimulus when compared with DRGs from WT miniswine (Figure 8, A and B) . +/ex42del miniswine had a significantly lower percent accuracy of choosing the correct arm compared with controls. (C) This difference was resolved on day 2 of acquisition and was not present during the. Mean shown, 2-tailed Mann-Whitney U test. n = 5-7. *P < 0.05.
Na
+ peak current densities are increased in sensory neurons from Nf1 +/-mice (54). We recently reported that rat sensory neurons transfected with a CRISPR/Cas9 plasmid containing Nf1 single-guide RNA (sgRNA) demonstrated increases in total and tetrodotoxin-sensitive (TTX-sensitive), but not TTX-resistant, voltagegated Na + channel current densities (53) upon their isolation with a combined electrophysiology and pharmacological protocol (53, 55) . Here, we set out to authenticate if sodium channel dysregulation could also be recapitulated in DRGs from mutant NF1 +/ex42del miniswine. Large sodium currents were observed in miniswine DRGs ( Figure 8C ). Consistent with rodent data (54, 56, 57), we observed a significant increase in the current densities (peak current amplitudes normalized by the cell capacitance) in mutant NF1 +/ex42del miniswine when compared with DRGs from counterparts ( Figure 8D ). Together, these data confirm dysregulation of calcium and sodium channels in NF1 +/ex42del animals and suggest a role of swine neurofibromin in calcium and sodium channel regulation, similar to what has been reported in mice (29, 58, 59) .
Discussion
This study describes the first genetically engineered large animal model of NF1 and shows that it faithfully recapitulates the molecular and phenotypic hallmarks of the human disease. NF1 +/ex42del animals presented +/ex42del mutant miniswine (green and yellow indicate separate lesions) (A) and a volumetric reconstruction from the MRI data (B). The lesion (yellow arrow) is iso-intense to muscle on T1-weighted MRI (axial view; C) and demonstrates a central hypo-intense region on T2 weighted MRI (axial view; D) and minimal contrast enhancement (data not shown). An 11-month-old male NF1 mutant with poor cognitive scoring through behavioral testing had a radiological finding in the brain. The axial orientation (E-H) and corresponding sagittal view (I-L) are shown. A cerebellar region of hyper-intensity is evident on a fluid attenuation inversion recovery (FLAIR) MRI (F and J) (highlighted by yellow arrow). This finding was less evident on T2-weighted MRI without fluid suppression (G and K), and it was not evident on T1-weighted MRI (H and L).
with café au lait macules and neurofibromas, 2 classic disease phenotypes that are lacking in heterozygous Nf1 rodent models (14, 15) (reviewed in ref. 58 ). In terms of tumor classification, diffuse cutaneous neurofibromas (DCNs) are a subtype of neurofibroma that often arises in children to young adults in the neck/ head region as raised, plaque-like tumors. In contrast to other neurofibromas, the S100 + Schwann cells of DCNs have a more rounded morphology and are typically scattered on a low-cellularity, collagenous matrix that contains other cell types such as fibroblasts (59) . The clinical and pathological features of DCNs in humans parallel the early tumor phenotypes observed in the NF1 +/ex42del miniswine. Furthermore, MRI of tumor growths in the neck of multiple animals suggest similarities to human plexiform neurofibromas, with lesions presenting as iso-intense on T1-weighted MRI with hypointense central regions on T2-weighted MRI (60) . Whether these putative plexiform neurofibromas represent progression of the DCNs or possibly additional neurofibroma subtypes remains to be studied as these tissues are harvested.
While neurofibromas are benign, complications can arise due to location, size, organ compression, pain, and/or malignant transformation (9, 11, 12) . Indeed, about one-third of the larger plexiform neurofibromas transform into MPNSTs, and the field is currently in desperate need of strategies for early MPNST detection (61) . Due to the prevalence of indolent tumors in NF1, routine screening with medical imaging for nonsymptomatic patients is not recommended (62) . However, medical imaging plays a key role in the clinical management of symptomatic NF1 patients in the assessment of tumor location and treatment interventions (63) . In addition, imaging has a significant role in assessing treatment response in clinical trials (64, 65) . To date, none of the NF1 +/ex42del animals have developed MPNSTs, although this was not unexpected since the animals are fairly young and MPNSTs arise in only 10%-15% of NF1 patients (11) (12) (13) . We anticipate that MPNSTs will develop spontaneously in a similar percentage of NF1 +/ex42del animals as the herd is expanded and that they can be induced by CRISPR/Cas9 editing, as recently performed in mice (25) . The advantage of the NF1 porcine model is that animals reach a similar size as adult humans and can be imaged on clinical CT and MRI instruments (36) . Consequently, this model provides a powerful platform to develop new early imaging detection strategies for NF1 tumors and, at the very least, provide a longitudinal assessment of neurofibroma dynamics.
The NF1 +/ex42del miniswine also presented with behavioral abnormalities. These included an initial learning delay in the T-maze task, an initial hesitance to interact with an unfamiliar object, and overall observations of hyperactivity and anxiety while the animals were housed. This is consistent with behavioral and cognitive alterations seen in mouse models of NF1, as well as the human disease, where 35%-50% of NF1 patients present with cognitive impairment and NF1 children display attention and social competence deficits (10, 66, 67) . Over the last decade, studies in Nf1-deficient mice have implicated neurofibromin in regulating the release of the inhibitory neurotransmitter GABA in the hippocampus and frontal lobe, which controls spatial and executive working memory (26, 27, 68) . This suggests that mutations in Nf1 lead to learning deficits through perturbed ERK signaling, GABA release, and consequent changes in LTP (68) . Studies are ongoing to determine if a similar pathway mediates the behavior deficits noted in the NF1 +/ex42del miniswine model and to additionally evaluate attention and social competencies.
At the molecular level, increased Ras activity is a defining feature of NF1 inactivation and of central importance to tumorigenesis in NF1 disease (69, 70) . Our molecular analyses of fibroblasts from NF1 +/ ex42del miniswine verified reduced neurofibromin expression and elevated Ras/MAPK signaling in those cells compared with NF1 WT controls. Specifically, we observed heightened activation of key downstream effectors of Ras in NF1 heterozygous cells. NF1 mutant cells showed increased phosphorylation of Erk1/2 by MEK and selective upregulation of SIAH, an E3 ubiquitin ligase whose expression marks Ras pathway activation and is required for Ras-mediated cellular transformation and tumorigenesis (41, 42) . The biological relevance of finding heightened MEK activity in NF1-deficient cells is illustrated by the remarkable therapeutic success of the MEK inhibitor, selumetinib, in halting disease progression in children with NF1 disease who have inoperable plexiform neurofibromas (71). (4-month old male swine)]. Asterisk denotes statistical significance compared with WT cells (Mean ± SEM, *P < 0.05, Unpaired 2-tailed Student's t test). Experiment was performed with experimenter blinded to the genotype.
Consistent with Ras activation, analyses of porcine fibroblasts also established increased expression of the checkpoint regulators, p16INK4a and p53, and the p53 transcriptional target, p21. In normal cells, those factors are upregulated by hyperactive Ras as part of an oncogene checkpoint response designed to remove aberrantly proliferating cells from an organism before they become transformed and tumorigenic (39, 40) . The small fraction of cells that escape checkpoint inhibition do so by eliminating the checkpoint regulators, thereby enabling cellular transformation and malignant tumor development. The fact that porcine NF1 +/ex42del cells display premature p16INK4a and p53/p21 upregulation strongly suggests that selective pressure will eventually induce their loss and promote consequent cancer formation in these NF1 mutant animals. Indeed, continued passaging of NF1 +/ex42del cells caused progressive loss of p16INK4a expression. We suggest that tumors arising in NF1 mutant miniswine will provide a remarkable resource for crossspecies (human, mouse, and pig) comparisons of tumor profiles at the genomic, epigenetic, proteomic, and metabolomic levels, facilitating the identification of key alterations driving NF1 tumorigenesis.
Swine DRGs were also isolated from NF1 +/ex42del animals and shown to have dysregulated calcium and sodium channels. While the pathophysiology of chronic pain and migraine are not completely understood, extensive clinical evidence supports a cardinal role for calcitonin gene-related peptide (CGRP) in these disorders, a peptide critical to peripheral inflammation and central and peripheral nociception (72) . Haploid insufficiency of neurofibromin in mice has previously shown increases in CGRP release (73) and enhanced nociceptor excitability (54) . We and others reported that sensory neurons from Nf1 +/− mice exhibit increased N-type voltage-gated Ca 2+ (CaV2.2) currents that likely account for the increased release of neuropeptides that occurs in Nf1 +/− sensory neurons (52, 74) . Our data showing dysregulation of calcium and sodium channels are in agreement with those reported in mice and rats, and thus, they functionally validate miniswine DRGs as a potentially new model of NF1. Collectively, these peripheral adaptations are likely to increase sensory neuron excitability and release of excitatory transmitters to the spinal dorsal horn to establish and maintain a state of central sensitization. Whether these adaptations will result in altered pain thresholds or sensitivities in swine is the subject of ongoing studies in our laboratories.
In summary, we present a potentially novel porcine model of NF1 that shows many hallmarks of the human disease, including skin pigmentation anomalies, tumor growth, altered pain signaling, and behavioral deficits. It is the first NF1 heterozygous animal to our knowledge that comprehensively develops these classic features of NF1, likely reflecting the intrinsic similarities between miniswine and humans with regard to their genetics, anatomy, and physiology. As such, this model provides unparalleled opportunities for advancing diagnostic medical imaging, biomarker discovery and characterization, and preclinical testing of therapeutics for treating NF1-associated cognitive deficits, pain, and tumorigenesis.
Methods
Cloning swine NF1 genomic DNA sequence Targeting Vector Construction. Genomic DNA was isolated from Yucatan miniswine fetal fibroblasts. A 10.1-kb PCR product that included a region from NF1 exon 41 to exon 48 was amplified using a high fidelity polymerase (Platinum Taq High Fidelity, Invitrogen) and NF1 primers pNF1-1F and pNF1-4R (Supplemental Table 1 ). The PCR product was subcloned into pCR2.1-TOPO (Invitrogen) and sequenced. All DNA sequencing was performed by the University of Iowa DNA Facility. This resulting plasmid served as the template for PCR amplification of the 5′ and 3′ homologous targeting arms, which were subcloned sequentially into a plasmid containing a PGK-Blast R cassette. The primers for the 5′ arm were pNF1XhoI5armF28 and pNF1SbfI5armR29. The primers for the 3′ arm were pNF1SbfI3armF31 and pNF1Hind3armR33. The construct was designed to replace the endogenous NF1 exon 42 with the Blast R cassette. rAAV production. PCR amplification of a 4.5-kb amplicon from the plasmid described above was achieved by using the following primers: pNF1Not47F and pNF1Not46R. This product was subcloned into the rAAV proviral plasmid, pFBAAV2-CMVP.NpA (obtained from University of Iowa Gene Transfer Vector Core) and grown in Sure2 cells (Stratagene). The rAAV was produced by the University of Iowa Viral Vector Core Facility.
Fetal fibroblast infection and selection. Passage zero male Yucatan fetal fibroblasts (1.0 × 10 6 ) were infected with rAAV carrying the NF1 targeting construct. After 24 hours, cells were detached with trypsin and plated on forty-eight 96-well collagen-coated plates. Selection was initiated 48 hours later with blasticidin (3 μg/ml). Ten to 13 days later, each infected cell plate was split among three 96-well plates (1 plate for freezing, 1 for propagation, and 1 for immediate PCR screening). (75) . Cell lysis plates were incubated at 65°C for 30 minutes, followed by 95°C for 10 minutes. Primers Screen F (NeoR), pNF1seq26F, LDLR 5F, and LDLR-Exon5R1 were used to PCR amplify 2 μl of lysate with the following conditions: 2 minutes at 94°C, 30 cycles of 94°C for 20 seconds, 66°C for 20 seconds, and 68°C for 4.5 minutes, and finally 68°C for 3 minutes. The expected product for the targeted allele was a 1.9-kb and a 4.3-kb product from the LDLR internal control gene. The PCR-positive cells were grown to 100% confluence and either infected with rAAV-Cre or expanded for the purpose of DNA isolation.
Excision of the Blast R cassette. PCR-positive fetal fibroblast cells were infected with rAAV-CMV-Cre. Three to 6 days later, 90% of the infected cells were frozen, and the remaining cells were propagated for PCR characterization. Cells were lysed in 5 μl lysis buffer. Excision of the selectable marker was detected by PCR using primers pNF1seq26F and pNF1Screen50R with the following conditions: 2 minutes at 95°C, 28 cycles of 94°C for 20 seconds, 60°C for 20 seconds, 68°C for 3.5 minutes, and finally 68°C for 7 minutes.
Southern blot. To validate PCR-positive cell lines, genomic DNA was isolated (Gentra, Qiagen) from fibroblasts grown on the propagation culture dishes. Two to 10 ng of genomic DNA was whole genome amplified (Repli-G, Qiagen) and digested with NcoI and EcoNI. Following gel electrophoresis, samples were transferred to a positively charged nylon membrane (Roche Diagnostics) by using an alkaline transfer procedure. The membrane was briefly rinsed in 5× SSC, completely dried, and subjected to UV crosslinking. The DNA probes for NF1 and Blast R were produced by PCR amplification using the following primers: pNF1probe52F/pNF1probe53R and BlastCD-F/BlastCD-R, respectively. Probes were labeled with α-32 P by random priming using Prime-a-Gene Labeling System (Promega), and the radioactive probes were purified using CHROMA SPIN+TE-100 columns (Clontech). Membranes were prehybridized in Rapid-hyb Buffer (GE Healthcare) for 30 minutes at 65°C; then, 25 μl of α-32 P-labeled probe was added and hybridization proceeded at 65°C for 2 hours. The membrane was washed in 2× SSC and 0.1% SDS once at room temperature for 20 minutes and in 0.1× SSC and 0.1%SDS at 65°C 3 times for 15 minutes each. For confirming animal genotype, high-molecular weight genomic DNA was isolated from miniswine umbilicus. The remaining steps were performed as described above.
SCNT. Nuclear transfer was performed by Trans Ova Genetics (Sioux Center, Iowa, USA) as previously described (76) . Embryo transfer was performed at Exemplar Genetics. Briefly, reconstructed oocytes were transferred into synchronized postpubertal domestic gilts on the first day of standing estrus. Recipient gilts were preanesthetized with i.v. propofol (0.5-5 mg/kg), and anesthesia was maintained with inhaled isoflurane (3%-5% in oxygen via face mask). Following a midline incision to access the uterus, reconstructed embryos were transferred into the oviduct at the ampullary-isthmus junction. Intra-and postoperative analgesia was provided by i.m. injection of flunixin meglumine (2.2 mg/kg). Recipient animals were checked for pregnancy by abdominal ultrasound after day 21 and throughout gestation.
Histopathological processing
Tissues collection. Tissues were harvested for histopathology and placed into 10% neutral buffered formalin (~3-6 days) and were then routinely processed, paraffin embedded, and sectioned (4 μm). Tissues were histochemically H&E stained for routine examination, and special stains included Masson's trichome (77) for collagen, Sirius red (78) for eosinophils and collagen, and toluidine blue for mast cells. Immunostaining for cellular/tissue markers S100 and vWF were performed in swine tissues as recently described (79) .
Morphometry. High-resolution digital images were collected and analyzed (BX51 microscope, DP73 digital camera and CellSens Software, Olympus). For histopathology morphometry, the pathologist (D.K. Meyerholz) utilized the postexamination method for masking to groups (80) . For evaluation of macules, skin samples from NF1 macules were compared with adjacent nonmacule NF1 skin. Evaluation of melanocytes, high-resolution images were collected at 40× magnification of the epidermis and the linear extent of basement membrane was enumerated; then, the number of heavily pigmented cells were counted. The results were listed as the number of cells per length of basement membrane (number/mm). For the extent of neurovascular networks, high-resolution images at 40× magnification were collected, the dermis was quantified (total area), the neurovascular networks were manually defined, and the area was quantified. Results for neurovascular networks were reported as the percentage of total dermis area.
Isolation and maintenance of swine fibroblasts
Ear or normal skin biopsies (6-10 mm) were obtained from miniswine rinsed in sterile PBS containing 1% penicillin-streptomycin solution (Corning) and were finely minced prior to overnight incubation at 37°C and 5% CO 2 in digestion media (DMEM containing 20% heat-inactivated FBS, 1% penicillin-streptomycin, 0.25% collagenase type I [Worthington Biochemical], 0.05% DNAse I [MilliporeSigma] ). The next day, digested samples were briefly vortexed, diluted 10-fold with swine fibroblast (PF) culture medium (DMEM, 20% FBS, 1% penicillin-streptomycin, 0.1 mM nonessential amino acids), passed through 70-μm nylon mesh, and plated in PF media into 2 wells of a 6-well collagen-coated plate with incubation at 37°C and 5% CO 2 . Cells were expanded for cryopreservation and maintained by serial passaging at approximately 1:4 dilution or 1 × 10 6 cells per 100 mm collagen-coated dish.
Analyses of activated Ras signaling
Western blotting and IHC staining were used to measure the cellular levels of phosphorylated Erk1/2, total Erk1/2, p53, and p21 proteins in unstimulated versus serum/growth factor-stimulated swine fibroblasts. 
RT-PCR method
Total cellular RNA was extracted from primary tissue and cultured cells using the Trizol system (Thermo Fisher Scientific). Reverse transcription of 1 μg of RNA was carried out using the Superscript II system with random hexamers (Thermo Fisher Scientific). PCR amplification of the Nf1 gene flanking the KO mutation utilized standard hot-start Taq polymerase conditions (60 degrees annealing) and the following primers: forward E29c5 5′-CTCACCTTCATGCACCAGGAG -3′ and reverse TBR5A 5′-CACCTGTTGCACTGGTTTTGATG -3′, whose sequences are completely conserved between human and swine. The WT allele PCR product is 637 bp, and the Nf1 pig mutation (deletion of 1 exon) results in a PCR product of 443 bp in length; products were separated using 8% native polyacrylamide gel electrophoresis and visualized with ethidium bromide staining.
Neurobehavior testing
Simple T-maze. The 15-feet squared apparatus consisted of a holding pen and retractable gate guided by a pulley, allowing the observer to easily lift the door to initiate the test while out of the miniswine's line of site ( Figure 5A ). The opening to each arm contained a removable sliding gate that was used to close off the arm not chosen by the animal. Each arm contained 1 black, rubber feed bowl that either contained a reward (vanilla pudding or Purina UltraCare Gel, depending on the animal's preference) or nothing. Each arm contained a unique visual cue as an additional learning cue. Video recording of animals as they navigated through the maze was not possible due to the short height of the ceiling and the large size of the apparatus; consequently, animals were manually recorded by the observer throughout each test. Left-right discrimination task. Modified from Elmore et al., the left-right discrimination task is a measure of learning and reference memory (81) . Prior to the acquisition phase, animals were first acquainted to the apparatus and food reward for 10 minutes a day for 2 days. The animals were then subsequently conditioned to the task for an additional 2 days. The first of these conditioning days consisted of ten 60-second trials where the animal was allowed to explore the apparatus and consume the food reward regardless of which arm was chosen. The second of these conditioning days consisted of ten 60-second trials, as well. Here, the first 5 trials were identical to the first day of conditioning, where the animal was allowed to consume the reward regardless of the arm chosen. The last 5 trials, however, were meant to train the animal to the actual task, and the animal was only allowed to consume the food reward if the correct arm was chosen. After a total of 4 days of training, the animals were then moved to the first phase of testing: the acquisition phase. During the acquisition phase, animals were given ten 60-second trials where they were free to choose an arm. The food reward was only consumed if the arm containing the reward was chosen. The arm chosen and time to choose the arm were recorded manually by the observer, and the apparatus was thoroughly cleaned between each trial to minimize odor cues. This protocol was repeated daily until all animals identified the correct reward arm with 80% accuracy, which allowed the animals to move to the reversal phase. In this phase, the food reward was moved to the opposite arm and animals were given ten 60-second trials daily for 2 days. The food reward was only consumed if the arm containing the reward was chosen, and the arm chosen and time to choose the arm were recorded manually by the observer.
Unfamiliar-object task. Unfamiliar object exploration tasks can be used as measures of anxiety and hyperactivity. On day 1, animals were placed in a clean pen for 10 minutes with an unfamiliar object hanging from the ceiling by wire. The time to first touch the object (and make the wire move) as well as the time spent physically interacting with the object were manually recorded by an observer. On day 2, animals were placed in a clean pen for 10 minutes with 2 objects hanging from the ceiling: 1 unfamiliar object and the object from the day before. The time to first touch the objects and time spent physically interacting with the objects were manually recorded by an observer. Once again, due to the low ceiling height of the building, video recording of the pen was not possible. With this limitation in mind, the choice to hang the object from the ceiling was made, as this allowed the observer to remain out of the animal's line of sight while still manually recording physical interactions with the object using the movement of the wire. This does limit this test to strictly physical interactions, and noncontact interactions such as sniffing cannot be inferred.
Imaging
Animal preparation. All procedures were performed under anesthesia, induced with either telazol (2.2 mg/ kg), ketamine (1.1 mg/kg), and xylazine (1.1 mg/kg) or with midazolam (0.3 mg/kg) and ketamine (8 mg/ kg). Anesthesia was maintained with isoflurane (1.5%-5%) via nose cone or balloon cuffed tracheal tube (8 mm) . Mechanical ventilation at 100% oxygen and tidal volume of 10 ml/kg with a 5 cmH 2 O positive end expiratory pressure was achieved with a Primer SP MRI-Compatible Veterinary Anesthesia Ventilator (DRE Veterinary). Peripheral i.v. access was obtained via a 20-gauge ear vein cannula for administration of contrast during imaging and patency maintained with heparinized saline (500 U/l). After data collection, animals were recovered from anesthesia and returned to the long-term housing facility.
MRI. MRI was performed using a research-dedicated Discovery MR750w 3.0T scanner (GE Healthcare). Brain imaging was acquired using a T1-weighted (BRAVO) and T2-weighted sequence (both with resolution of 0.8 mm × 0.8 mm × 1 mm slice thickness), as well as a FLAIR sequence (0.4 mm × 0.4 mm × 2 mm slice thickness). Imaging of the body included axial T1-weighted (STIR), T2-weighted (with fat saturation), and a volume interpolated gradient echo (LAVA) protocol acquired before and after administration of 0.1 mmol/kg gadolinium contrast (Dotarem, Guerbet). Bidimensional lesion measurements, taken as the longest perpendicular diameters, were acquired from the MRI data in the axial cross-section for each lesion.
Biopsy. Animals were prepared and anesthetized as described above, and in addition prior to the procedure, i.m. delivery analgesia was administered (carprofen, 2 mg/kg). Following surgical preparation of the biopsy site, a wedge-shaped biopsy sample was removed with a scalpel from each lesion. The biopsy samples were taken at a depth reaching under the epidermis, extending from the center of the lesion to the periphery to include a small margin of normal tissue. Sutures were used to close the incision sites and were removed 7 days after the procedure.
DRG analysis
Culturing and transfection of swine DRG neurons. DRG neurons were isolated from 4-month-old (n = 13 for WT and n = 10 for NF1 +/ex42del ) Yucatan miniswine using a variation of previously developed procedures (82) . In brief, dorsal skin and muscle were removed using a knife to expose the vertebral column in the miniswine. Vertebral bone processes were cut using custom-made pliers, parallel to the dissection stage to expose the spinal cord. DRGs were then collected, trimmed at their roots, and digested in 3 ml bicarbonatefree, serum-free, sterile DMEM solution (catalog 11965, Thermo Fisher Scientific) containing neutral protease (3.125 mg.ml -1 , catalog LS02104, Worthington) and collagenase type I (5 mg.ml -1 , catalog LS004194, Worthington) and incubated for 45-75 minutes at 37°C under gentile agitation. Dissociated DRG neurons (~1.5 × 10 6 ) were then gently centrifuged to collect cells and washed with and grown in DRG media DMEM containing 1% penicillin/streptomycin sulfate from 10,000 μg/ml stock, 30 ng.ml -1 nerve growth factor, and 10% FBS (Hyclone). All cultures were used 48 hours after transfection.
Calcium imaging in acutely dissociated miniswine DRG neurons. DRG neurons were loaded for 30 minutes at 37°C with 3 μM Fura-2AM (catalog F1221, Thermo Fisher Scientific; stock solution prepared at 1mM in DMSO, 0.02% pluronic acid, catalog P-3000MP, Invitrogen) to survey changes in intracellular calcium ([Ca 2+ ] c ) in a standard bath solution containing 139 mM NaCl, 3 mM KCl, 0.8 mM MgCl 2 , 1.8 mM CaCl 2 , 10 mM NaHEPES, pH 7.4, and 5 mM glucose exactly as previously described (82) . Fluorescence imaging was performed with an inverted microscope, Nikon Eclipse TE2000-U, using objective Nikon Super Fluor 20× 0.75 NA and a Photometrics cooled CCD camera CoolSNAPHQ (Roper Scientific) controlled by MetaFluor 6.3 software (Molecular Devices). The excitation light was delivered by a Lambda-LS system (Sutter Instruments). The excitation filters (340 ± 5 nm and 380 ± 7 nm) were controlled by a Lambda 10-2 optical filter change (Sutter Instruments). Fluorescence was recorded through a 505-nm dichroic mirror at 535 ± 25 nm. To minimize photobleaching and phototoxicity, the images were taken about every 5 seconds during the time course of the experiment using the minimal exposure time that provided acceptable image quality. The changes in [Ca 2+ ] c were monitored by following a ratio of F340/F380, calculated after subtracting the background from both channels.
Whole-cell patch recordings of Na + currents in acutely dissociated miniswine DRG neurons. Recordings were obtained from acutely dissociated miniswine DRG neurons as described. Whole cell voltage clamp recordings were performed at room temperature using an EPC 10 Amplifier-HEKA as previously described (83) . The internal solution for voltage clamp sodium current recordings contained (in mM): 140 CsF, 1.1Cs-EGTA, 10 NaCl, and 15 HEPES (pH 7.3, 290-310 mOsm/l). It also included external solution, which contained (in mM): 140 NaCl, 3 KCl, 30 tetraethylammonium chloride, 1 CaCl 2 , 0.5 CdCl 2 , 1 MgCl 2 , 10 D-glucose, 10 HEPES (pH 7.3, 310-315 mOsm/l). DRG neurons were subjected to current-density (I-V) voltage protocols as previously described (81, 82) . In the I-V protocol, cells were held at a -80 mV holding potential prior to depolarization by 20 ms voltage steps from -70 mV to +60 mV in 5-mV increments. This allowed for collection of current density data to analyze activation of sodium channels as a function of current versus voltage and also peak current density, which was typically observed near ~ 0-10 mV and normalized to cell capacitance (pF). The capacitances (in picoFarads; pF) of the DRGs were: 102.0 ± 8.9 pF (n = 12) for WT and 125.0 ± 20.0 pF (n = 10) (P > 0.05; 2 tailed Student's t test; t = 1.1174, df = 20, standard error of difference = 20.6).
Statistics
Statistics were performed using GraphPad Prism 6.04. Specific statistical test information is indicated in the figure legends. For histopathology experiments of café au lait macules, a paired, 2-tailed Student's t test was performed. For electrophysiology experiments and unfamiliar-object experiments, unpaired, 2-tailed Student's t tests were performed. For the T-maze experiment, a 2-tailed Mann-Whitney U test was performed. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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